We report the results of theoretical mechanistic studies on PH 3 -assisted migration of a coordinated aryl group to a coordinated CO in the complexes RhCpI(CO) (p-XC 6 H 4 ). The X-substituent effect on thermodynamic and kinetic parameters was explored. The progress of the reaction was quantitatively studied using the bond orders of the Rh-CO bond, and the percentages of bond cleavage (BC ij ) of Rh-CO bond at the transition state were described. This theoretical study indicates good relationships between barrier energy (∆E), bond distances variations (Rh-CO and Rh-Ph), activation energy (∆H ‡ ) , activation free energy (∆G ‡ ) values with Hammett constants of X-substituents. Linear relationship between ln(k) and the 103 Rh magnetic shielding tensors of the product was explored.
INTRODUCTION
Migratory insertion reactions have enormous value in organometallic chemistry [1] and are concerned in a variety of catalytic processes, both homogeneous and heterogeneous. The migration of a coordinated organic group R onto a co-ordinated carbonyl of a metal promoted by an entering ligand (nucleophile) has been widely studied for systems such as [RMn(CO) 5 3 ] [9] [10] [11] [12] . Also, theoretical studies have given important information on the nature of the migratory insertion process [13] [14] [15] [16] [17] [18] .
] [2-4], [(Cp)FeR(CO) 2 ] [5-8] or [(Cp)MoR(CO)
The PPh 3 -assisted migration of a coordinated aryl group to a coordinated CO in the complexes RhCp*I[(CO)(p-XC 6 H 4 ]PPh 3 reported [19] . It was found that the mechanism was associative and solvent independent [20] , and it is also possible that ring slippage is not involved [21, 22] . Also, correlation of the transition-metal chemical shifts of the product with reaction rates has been reported and leads to the postulate that such reactions are characterized by a product-like (late) transition state [23] .
On the basis of the major effects that substituents afford to a wide range of chemical properties, e.g. reaction rates, structural parameters, thermodynamic parameters and so on, it is proper to visualize a situation where the thoughtful selection of a proper substituent could make the variation between an effective and ineffective receptor. Hence, an in depth exploring of substituent effects and their origins might allow the proposing of a new receptor that has been warily tuned for the best preferred performance.
In this study, we investigate theoretically the PH 3 -assisted migration of a coordinated aryl group to a coordinated CO in the complexes RhCpI(CO) (p-XC 6 H 4 ) and hope to clarify the substitution effect on their activation barriers and thermodynamics of these insertion reactions.
Computational Methods
All calculations were performed with the Gaussian 09 suite of program [24] . The calculations of systems contain C, H, P, N, F, Cl , I and O described by the standard 6-311G(d,p) basis set [25] [26] [27] [28] . For Rh element standard Def2-TZVPPD basis set [29] was used and Rh described by effective core potential (ECP) of Wadt and Hay pseudo-potential with using the Def2-TZVPPD basis set [30] . Geometry optimization was varied out with Modified PerdewWang Exchange and Correlation (mpw1pw91) [31] . To verifying that the optimization structures are minima, harmonic vibrational frequencies were calculated. All the transition states were checked by IRC (Intrinsic Reaction Coordinate) analysis [32] [33] [34] [35] . 103 Rh magnetic shielding tensors are calculated using the Gauge independent atomic orbital (GIAO) [36] method at the same method and basis sets for optimization. Figure 1 exhibits the mechanism of insertion reaction in CpRh(CO)(I) (p-XC 6 H 4 ) (I) complex in the presence of PH 3 . Mechanistic studies on the reaction of CpRh(CO)(I)(p-XC 6 H 4 ) with PH 3 suggest it proceeds through an initial five-coordinate PH 3 adduct from which intramolecular migratory insertion can then occur.
RESULTS AND DISCUSSION

Figure1
. Mechanism of migration insertion reaction in CpRh(CO) (I) (p-C 6 H 4 X) + PH 3 reaction.
1.
Energetic aspects. The absolute, Zero-point correction, and relative energies values of reactants, transition states and products complexes in gas phase are gathered in Tables 1a-b. Hessian calculations illustrate positive vibrational frequencies for reactants and products species given in Figures S1, signifying that they locate on minima in the potential energy surface.
Transition state shown in Figure 1 has only one imaginary vibrational frequency, verifying that it is a first-order saddle point in the PES. The calculated imaginary frequency of transition states are gathered in Table 2 . The IRC calculations displayed that the TSs connected the reactants and the product. The Hammett equation (and its extended forms) is the most extensively used means for the investigation and explanation of reactions and their mechanisms. Hammett constants σ m and σp (for substituent in m and p-positions, respectively) provided from ionization of organic acids in solutions can commonly successfully predict equilibrium and rate constants for many reactions [37] . The study of energy and Hammett constant in this insertion reaction show that a good linear relationship between two parameters:
Barrier energy = 4.590 σ p + 31.94; R² = 0.973
2.
Geometrical parameters Selected bond distances of reactant, transition state, and products complexes are gathered in Table 2 On the other hand, the optimized geometry of the transition state TS reveals that Rh-CO bond length decreases. There is a good linear relationship between ∆r Rh-CO =r(Rh-CO) I -r(Rh-CO) TS and Hammett constant:
∆r Rh-CO = 0.006 σ p + 0.018; R² = 0.933
The variations of Rh-CO bond lengths are less than Rh-Ph bond. The range of reinforce of this bond increases in the presence of withdrawing electron substitutions.
The progress of the reaction has been quantitatively monitored using the bond orders of the above bonds. The percentages of bond formation (BF ij ) and cleavage (BC ij ) at the transition state have been described by Manoharan and Venuvanalingam as [38, 39] :
In this equation, is the bond order at the transition state, and and P correspond to the bond orders at the reactant and the product stages, respectively.
The computed Wiberg bond indices [40] , of Rh-CO bond are summarized in Table 3 . The bond order values of Rh-CO are 1.0487, 0.9733, and 0.7483 in I, TS, and II structures, respectively. Therefore, in the transition state TS, the cleavage of π-bonding along the Rh-CO bond is 25.1%. On the other hand, these values decrease in the presence of donor and withdrawing electron groups. 
Thermodynamic parameters
The values of free energies of insertion reaction are gathered in Table  4 . These values indicate activation free energy values (∆G ‡ ) increase in the presence of withdrawing electron groups (X=COOH, CHO, NO 2 ). 1.87
The free energies change values of insertion reaction (∆G insertion ) illustrates that insertion reaction is more favorable thermodynamically in the presence of donor electron groups (X=OH, NH 2 , Me). On the other hand, these values exhibit that insertion reaction is more unfavorable thermodynamically in the presence of withdrawing electron groups (X= COOH, CHO, NO 2 ).
The values of activation enthalpy (∆H ‡ ) of insertion reaction are presented in Table 5 . One can see form Table 5 , these values increase in the presence of withdrawing electron groups (X=COOH, CHO, NO 2 ). Figure 3 shows a good relationship between ∆H ‡ and Hammett constant of substituents. The enthalpy change values of insertion reaction (∆H insertion ) illustrates that these values are less in the presence of withdrawing electron groups (X=COOH, CHO, NO 2 ).
4.
Rate constant values Rate constants are estimated by canonical TS theory using Eyring equation [41] [42] [43] :
In this equation, k b is the Boltzmann's constant, h is the Planck's constant, T is the temperature, R is the ideal gas constant, ∆G ‡ is the activation barrier at 298 K.
The rate constant values of insertion reactions are gathered in Rh Magnetic shielding tensors (σ) of the I, Ts and II structures are given in Table 6 . One can see from Table 6 , these values decrease in transition state rather than reactant complex. A good linear relationship between σ TS -σ I values and the Hammet constant of the substituents is observed: Therefore, the aryl migration proceeds via a late transition state, which is structurally more similar to the product than the reactant [23] . This illustrates in the transition state the Ph-C(O) and Rh-P bonds are already formed to an significant amount with simultaneous breaking of the Rh-Ph bond. Thus, complete breakage of the Rh-Ph bond and formation of the Rh-P bond leads to the final product.
CONCLUSION
In this paper, we investigated the insertion reactions of the PH 3 -assisted migration of a coordinated aryl group to a coordinated CO in the complexes RhCpI(CO)(p-XC 6 H 4 ) by computational method. The theoretical calculations predicted:
1.
The character of X-substituents influences energetic, thermodynamic and kinetic parameters of the reaction.
2.
The energy barriers (E=E(TS)-E(I)) in the presence of withdrawing electron groups are higher than those in donor electron groups.
3.
There are good linear relationships between variation of Rh-Ph, and Rh-CO bond distances with Hammett constants.
4.
The free energies change values of insertion reaction (∆G insertion ) show that insertion reaction is more favorable thermodynamically in the presence of donor electron groups (X=OH, NH 2 , Me).
5.
In the transition state TS, the cleavage of π-bonding along the Rh-CO bond decrease in the presence of donor and withdrawing electron groups.
6.
Rate constant values increase in the presence of donor electron groups (X=OH, NH 2 , Me).
7.
A good linear relationship between ln(k) and the 103 Rh magnetic shielding tensors of the product explores aryl migration proceeds via a transition state, which is structurally more similar to the product than the reactant.
